The paper develops a sliding mode controller via nonlinear disturbance observer for diesel engine air path system subject to matched and unmatched disturbances. The proposed controller is based upon a novel nonlinear disturbance observer (NDO) structure which uses the concept of total disturbance estimation in order to estimate simultaneously the matched and the unmatched disturbances in the system. This estimation is then incorporated in a composite controller which alleviates the chattering problem and maintains the nominal performance of the system in the absence of disturbances. Simulations results of the proposed controller on a recently validated experimental air path diesel engine model show that the proposed methods exhibit a better performances comparing to the baseline SMC in terms of reducing chattering and nominal performances recovery.
Introduction
Comparing to gasoline engines, diesel engines have the advantage of producing the requested torque under an optimal compromise between fuel consumption and given exhaust legislation emission level. To meet the requirements of emission standards EURO V and VI, the emissions of diesel engines, particularly oxides of nitrogen (NO ) and particulate matter (PM), must be controlled at every engine cycles. Earlier reduction mechanism suggested that NO emissions can be reduced by increasing the intake manifold exhaust gas recirculation (EGR) fraction and smoke can be reduced by increasing the air/ruel ratio (AFR) [1] . The EGR and the AFR rates are controlled by the EGR and the variable geometry turbine (VGT) actuators whose position determines the amount of the EGR flow in the intake manifold and thus controls the AFR and the EGR ratios variables. The VGT and the EGR actuators are strongly coupled so that conventional calibration/mapping based approaches, which use traditional PI controllers, face difficulty to produce satisfactory and robust results in terms of torque responses, engine-out emission at steady, and transient state conditions, even with very time-consuming and detailed calibrations effort.
With the development of microprocessor technology, especially digital signal processors (DSPs), electronic control units (ECUs) gained in terms of computational capacities so that sophisticated control approaches which achieve smooth, fast, and robust transient operations were more and more introduced in controlling modern diesel engines. Considerable research efforts have been dedicated to the control of modern diesel engines. Several controllers were proposed in the literature, for example, Lyapunov control design [2] , robust gain-scheduled controller based on a linear parameter-varying (LPV) model for turbocharged diesel engine [3] [4] [5] , Indirect passivation [6] , predictive control [7] , and feedback linearization [8, 9] .
Most of these algorithms are control-oriented models; that is, the control laws computed by these algorithms are based upon a model of the diesel engine air path. In the past decade, many TDE air path models were developed and presented in [2, [10] [11] [12] [13] . In [2] , the authors developed a full-seventh-order TDE air path model which describes the dynamics of several variables such as the pressures and the oxygen mass fractions in the intake and exhaust manifolds, the turbocharger speed, and the two states of the control signals describing the EGR and the VGT actuator dynamics. To simplify the control design, and due to the fact that the oxygen mass fraction variables are difficult to measure, the seventh-order model is reduced to a third-order one. This simplification leads to the appearance of discrepancies between the description model and the real system due to the neglected dynamics, the model parametric uncertainties, and the potential faults which can occur in the diesel engine air path. Modeling uncertainties arise from sources such as uncertainties on engines cartographies, unmodeled dynamics, and external or internal disturbances. Engine faults affect the TDE air path components. For example, a leakage occurring on the EGR actuators is a fault that affects the performance of any designed controller based on the previous cited methods. In this work, both modeling uncertainties and actuator faults are considered as internal and external disturbances acting on the system via different channels. Indeed, the actuator faults naturally satisfy the so-called matching condition since they act on the control inputs. Modeling uncertainties are unmatched disturbances since they act on different channels from the control input and hence do not satisfy this matching condition. The main objective of this paper is to design an efficient controller which is robust facing the matched and the unmatched disturbances which affects the diesel engine air path.
Sliding mode control [14] [15] [16] [17] is a very popular strategy for controlling uncertain nonlinear system. Due to its conceptual simplicity and its capability to reject disturbances and model uncertainties, SMC strategies are widely employed in industrial applications including robotic manipulator systems [18] [19] [20] , electrical machines [21, 22] , power converters [23, 24] , and flight control systems [25, 26] . Despite these attractive features, the major drawback of the traditional SMC controllers is that they are only insensitive to matched disturbance [27] , while unmatched disturbance affects severely the sliding motion, and the well-known robustness of SMC does not hold any more. To overcome this difficulty, many researchers devoted themselves to the control design for uncertain system under mismatched disturbances.
Generally speaking, the matched and the unmatched disturbances in control systems are unmeasurable; thus, a disturbance observer is needed for the disturbance attenuation. Disturbance observers can be classified into the following two categories. The first category is a model based disturbance observer in which the designer needs to know about the model of the plant. Many model based disturbance observers were proposed in the literature including unknown input observer (UIO) [28] , the disturbance observer (DOB) [29, 30] , the perturbation observer [31] , the equivalent input disturbance (EID) based estimation [32] , and the sliding mode observer (SMO) which was primarily designed for robust state estimation and then has been extended to estimate unknown inputs or faults by reconstructing the disturbance using the so-called "equivalent output error injection" [33] . The second category is referred to as extended state observers (ESOs) [34] [35] [36] [37] which is characterized by a promising features due to the least amount of plant information needed for their implementation. Comparing to model based disturbance observers, (ESOs) techniques need only to know the system order and hence are more robust and easy to implement from a practical point of view. However, standard (ESO) observers suffer from one major drawback coming from the fact that they are only available for integral chain systems, thus not applicable for more general class of system such as flight control system. In addition, the unmatched disturbances are no longer available for these standard ESO techniques. Recently in [38] , the authors generalized the concept of ESO to nonintegral chain systems subject to mismatched disturbances.
To alleviate the well-known problem of chattering and retain the nominal control for the SMC in presence of matched and unmatched disturbances, SMC disturbance based feedforward control which combines a disturbance observer (DOB) with an SMC feedback control was developed for matched disturbances in [39] [40] [41] [42] [43] and recently in [44] for the unmatched ones. However, in this work, the considered diesel engine air path faces simultaneously the matched and the unmatched disturbances, and none of the existing disturbances observers whether it is model based or not can estimate these disturbances simultaneously. In this paper, we propose a novel super twisting extended state observer (STESO) based on the concept of total disturbance estimation and rejection via ESO introduced by the author in [35] . The structure of the proposed disturbance observer combines the advantages of the super twisting algorithm [45] which guarantee robustness and fast convergence rate of the disturbance estimation with and the ESO concept which is characterized by the simplicity of its structure.
The main contributions of the paper are as follows.
(i) Developing a novel DOB based on the ESO framework which tracks the total disturbances in the system in finite time. (ii) The chattering problem is significantly reduced by the proposed SMC-STESO controller, since the highfrequency switching gain is only required to be designed greater than the bound of the disturbance estimation rather than that of the disturbance. (iii) Nominal performance recovery is also guaranteed by the SMC-STESO controller thanks to the STESO observer which serves like a patch to the nominal controller and does not cause any adverse effects on the system in the absence of disturbances. (iv) Compared to the works in [46] [47] [48] , our approach exploits the benefits of the extended state observer (ESO) in the diesel engine air path control problem. Indeed, by combining the sliding mode control (SMC) method with the super twisting extended state observer (STESO), the controller can achieve fast and accurate response via effective compensation for the matched and the unmatched disturbances which affect the diesel engine air path.
This paper is organized as follows. Section 2 introduces the TDE air path modeling. Section 3 describes the faulty diesel engine air path system that we are dealing with, Mathematical Problems in Engineering together with the assumptions required. The super twisting extended state observer based sliding mode controller will be described in Section 4. Simulation results are given in Section 5. Section 6 summarizes conclusions of our work.
Mathematical Model of the Diesel Engine Air Path
The schematic diagram of the diesel engine is shown in Figure 1 . At the top of the diagram, we can see the turbocharger and the compressor mounted on the same shaft. The turbine delivers power to the compressor by transferring the energy from the exhaust gas to the intake manifold. Together, the mixture of air from the compressor and the exhaust gas from the EGR valve with the injected fuel burn and producing the torque on the crank shaft. The full-order TDE model is a seventh-order one which contains seven states: intake and exhaust manifold pressure ( 1 and 2 ), oxygen mass fractions in the intake and exhaust manifolds ( 1 and 2 ), turbocharger speed ( ), and the two states describing the actuator dynamics for the two control signals ( 1 and 2 ).
In order to obtain a simple control law, and due to the fact that the oxygen mass fraction variables are difficult to measure, the seventh-order model is reduced to a third-order one [2] presented below:
where the compressor and the turbine mass flow rate ( and ) are related to the compressor and the turbine power ( and ) as follows:
Notice that the real inputs are the EGR valve and the VGT valve openings. The considered inputs, in this case for the sake of simplicity, are 1 = egr and 2 = , which are, respectively, the air flow through the EGR and the VGT valves.
Temperature sensors used for engine control have time constant in the order of seconds and, hence, are not fast enough to provide usablė1 anḋ2 signals. Moreover, steadystate values are not affected by the two terms and their dynamics can be neglected [2] . This yields to the following simplified model:
When replacing and by their expressions in (2) and (3), the simplified model can be expressed under the following control-affine form:
where = ( 1 , 2 , ) and
with = ( / ) . We notice that the TDE model parameters ( 1 , 2 , , , , , and ) have been identified under steadystate conditions (i.e., constant engine speed and constant fueling rate) and extensive mapping. The nomenclature of the TDE parameters can be found in Table 1 .
Note that in [2] , the authors proved that the set Ω, defined by
is an invariant set.
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System Fault Description.
In this paper, we consider the diesel engine air path model ( (6), (7), and (8)) which can be written under the following control-affine form:
where ∈ R , ∈ R represent the state and the input vector, respectively. The vector fields and columns are supposed to satisfy the classical smoothness assumptions with (0) = 0. Assumption 2. A time additive actuator faults which enter the system in such a way that the faulty model can be written aṡ
where ( , ) is bounded by an unknown positive constant 1 ; that is,
Assumption 3. The vector fields and matrix are dependent on the system parameters, and any uncertainties in the system parameters are reflected in them and can be expressed under the following forms:
where 0 and 0 represent the nominal values of and and , 2 are the upper bounds of Δ and Δ , respectively.
Assumption 4.
The external disturbances, the unmodeled dynamics, and the unknown dynamics which enters the system in different way from the control input can be expressed in an uncertain part , so that the global faultydisturbed model of system (10) can be written as follows:
Description of the Faulty Diesel Engine Air Path Model.
In this section, we will present a description model of the faulty diesel engine air path. The faulty disturbed model considers both the actuator faults which affects directly the EGR and VGT actuators described in Assumption 2 and the uncertain part . Following (14) , the faulty disturbed diesel engine air path model is written as follows:
Clearly system (15) is under the form (14) with = ( ( (
Remark 5. ( 1 , 2 ) characterize the additive faults terms which affects, respectively, the EGR and the VGT actuators. Physically, it might represent a leakage which can occur on the EGR actuator and additive term which modifies the turbine flow and hence affects the VGT actuator.
Remark 6. In this work, the fueling sequence is supposed to be unknown; hence, it is contained in as an external disturbance in (15).
Control Objective and Problem Statement.
For emission control, the choice of feedback variables is an important step which defines the overall controller structure. In this section, we will present our proposed air path control strategy which operates under the diesel conventional combustion mode conditions. This particular mode was characterized by the author in [48] . In this work, the author suggested that Mathematical Problems in Engineering 5 for an optimal control performance, compressor mass flow and exhaust pressure manifold 2 are suitable choice for key output variable to be controlled. By a suitable change of coordinates, the authors in [50] proposed to replace the compressor mass flow setpoint ( ) into an intake manifold pressure setpoint ( 1 ). This transformation simplifies the control structure by defining new vector setpoint ( 1 , 2 ) . Let us now consider system (15) and define the following two sliding variables 1 , 2
The time derivative of 1 , 2 along with the trajectories of the diesel faulty system (15) leads tȯ
Replacing by its expression in (2) yields tȯ
The control objective of this paper can be stated as follows. Consider the faulty system (19) and the sliding manifolds = ( 1 , 2 ) , and find a stabilizing closed-loop control which guarantee convergence of toward zero in finite time.
Super Twisting Extended State Observer Based Sliding Mode Control Design
In this section, we will propose an observer based control design which force the sliding manifold in (19) to converge to their reference states ( 1 , 2 ). The proposed controller combines a sliding mode feedback with a super twisting extended state observer (STESO) which estimates the total disturbances whether they are matched or unmatched. To proceed the design of STESO-SMC controller, the following lemmas are required.
Lemma 7. For the controlled output [ , 2 ], the states of the zero dynamic of the system (15) is stable.
Proof. The proof of this lemma can be found in [2] .
Lemma 8 (see [51]). Assume that there exists a continuous positive definite function ( ) which satisfies the following inequality:̇+
Then, ( ) converges to the equilibrium point in finite time
where 1 > 0, 2 > 0 and 0 < < 1.
SMC Control Design.
Consider now system (19) which can be rewritten under the following compact form:
= ( ) + (( ( ) + Δ ) + ( ) ( , ))
The control design will be achieved under the following assumptions.
Assumption 9. The states ( 1 , 2 , ) of system (19) are available for measurements at every instant.
Assumption 10. The nominal control distribution function matrix 0 is nonsingular.
Assumption 11.
To guaranty the local reachability of system (19) , the additive faults 1 , 2 are uniquely time dependent. System (22) contains both nominal parts 0 , 0 which are completely known and parametric uncertainties Δ , Δ and external disturbance which are unknown for the TDE model air path. In this paper, model parametric uncertainties and disturbance are lumped together as the total disturbances, and thus, the further simplified model form for system (22) can be written as follows:
with̃= Δ + ( ) ( , ) + Δ + . Let us now consider the following reaching law [52] :
where
Combining (23) and (24) yields to
The proposed control law is split into two parts: eq to compensate for known terms and to compensate for the the lumped uncertaintỹ. Thus,
Hence, the total control is expressed as follows:
Note that the control consists of the disturbance terms̃, which is completely unknown thus could not be implemented into practical systems. In order to obtain the disturbances, we will introduce the ESO to estimate it.
Super Twisting ESO Design.
Following the general framework of ESO and inspired by the work in [36, 53] , we design in this section an observer which estimates the total disturbances̃in (23) . Adding an extended state as the total disturbances̃to system (23) yields to the following augmented system:
where ℎ( ) is the derivative of the disturbances̃. For system (29) , we propose the following STESO:
where 1 ∈ R 2 , 1 ∈ R 2 , and 2 ∈ R 2 .
1 is the estimation error of the ESO, 1 and 2 are the observer internal states, and 1 and 2 are the observer gains. Define the observer error dynamics 1 = 1 − , 2 = 2 −̃.
Assumption 12.
There exists a constants 1 such that
Theorem 13. Consider the uncertain faulty augmented system (29) . The STESO observer (30) 
Proof. The observer error dynamic is given bẏ
which yields tȯ1
It is easy to see that system (34) is under the generalized super twisting algorithm differential inclusion and it is finite time stable (see [54] ). This completes the proof.
Remark 14.
The class of disturbances considered in this paper is much larger than the ones considered [44] where it is assumed that the disturbances are bounded and their derivatives vanish as → ∞. It may be noted that it is not required to know the bound 1 .
Remark 15.
We notice that the expression of 2 in (30) shows that 2 can estimate (or track) the total action of the uncertain models and the external disturbances̃in finite time. As 2 is the estimation for the total action of the unknown disturbances, in the feedback, 2 is used to compensate the disturbances.
With the disturbances̃estimated by the STESO, the control law (28) is modified as follows:
Stability Analysis of Closed-Loop Dynamics.
Replacing the control law (35) in (23) yields to the following closed-loop system:̇=
which can be written as follows:
Theorem 16. For the plant (23) with the control law (35) and the STESO observer (30) , the trajectory of the closed-loop system (37) can be driven to the origin in finite time.
Proof. Consider the following Lyapunov function:
Taking the derivative of (38) yields tȯ
Choosing > | 2 | ensures by Lemma 8 the finite time stability of the sliding manifolds .
Remark 17.
Since the disturbance has been precisely estimated by the STESO, the magnitude of the estimation error 2 which converges to 0 can be kept much smaller than the magnitude of the disturbancẽ; this will alleviate the chattering phenomenon.
Remark 18 (Performance Nominal Recovery). In the absence of disturbance, it is derived from the observer error dynamics (34) ; that is, 2 → 0. In this case, the closed-loop dynamics (37) reduces to those of the traditional sliding mode control (TSMC). This implies that the nominal control performance of the proposed method is retained. 
Simulation and Evaluation
In this section, we report numerical results obtained from the simulation of controller (35) on the reduced thirdorder model developed in ( (1)- (8)). The engine used is a common rail direct-injection in-line-4-cylinder provided by a French manufacturer. Numerical values of ( , , V , and ) cartographies in the TDE model were provided by the manufacturer. The model parameters nominal values 1 , 2 , , , , , , and are usually identified around some given operating points. In these simulations, the parameters of the model ( (1)- (8)) were taken from [6] ; that is, 1 
This approximation is used to ensure that the sliding motion will be in the vicinity of the line ( = 0). In this simulation, the approximation of the sign function has been implemented with = 0.01. The simulations were conducted under the control requirements defined in Table 2 .
In this section, we mention that numerical simulations were performed in real-time software in the loop (SIL) using the dSpace modular simulator. This real-time platform is based on the DS-1006 board interfaced with MAT-LAB/Simulink software. The controller (35) and the TDE third-order model run on this platform with a sampling step time equal to 10 −4 s. For the purpose of simulations, parametric uncertainties Δ and actuator faults were chosen under periodic forms (like sinus). The goal was to only prove the effectiveness of the STESO observer and the controller (35) . From a practical point of view, it is very difficult to model either a leakage affecting the EGR and the VGT actuators or parametric uncertainties affecting the TDE air path model. We cannot also say that the EGR and the VGT actuator faults are periodic; however, and as stated in Remark 14, the only assumption we made on the total disturbances̃is on its time derivatives which must be bounded. Thus, complex leakage or parametric uncertainties forms which can be more realistic can be considered in practical situations.
Case 1 (traditional SMC control versus STESO-SMC control in case of matched disturbances). In this simulation, we wanted to compare the performance of the STESO-SMC and the traditional SMC controllers in the case where only matched disturbances are considered. The two controllers were simulated under nominal parametric values (i.e., Δ = 0 and Δ = 0) and fueling sequence = 0. The considered matched disturbances were a time varying additive leakage which takes the following form:
For the TSMC and the STESO-SMC controllers, the gains , (see Table 3 ) were tuned in order to get an equivalent tracking performance for the controlled variables and 2 . Response curves of the two controlled variables , 2 are shown in Figure 2 . A brief observation from Figure 2 shows that for < 25 s, the STESO-SMC controller exhibits the same level of tracking performance comparing to the TSMC one. When the faults occur, it can be observed from Figure 2 that the proposed STESO-SMC obtains fine disturbance rejection property with minimal chattering effects, while the TSMC keeps well the tracking performance of , 2 but pay high price in terms of chattering due to the higher value of the switching gain needed for the TSMC in order to counteract the occurrence of the faults at = 25 s.
This can be observed in Figure 3 where we can see that the control effort ( egr , vgt ) produced by the STESO-SMC controller is characterized by the low level of the chattering comparing to the TSMC one.
When only matched disturbances are considered, the total disturbancẽin system (23) is expressed as follows:
) .
Selecting appropriate values of 11 = 21 = 12 = 22 = 1000 for the STESO observer, one can observe from Figure 4 that it can estimate the total disturbance accurately even if there exist some small shocks due to the drastic changes which occur on the vector derivativeṡ. It is important to mention that the tracking performance and the disturbance rejection of the STESO-SMC depend on the estimation ofp rovided by the STESO.
Case 2 (performance of the STESO-SMC Control in presence of unmatched disturbances and matched disturbances).
In this simulation, we wanted to show the performance of the STESO-SMC controller when both matched and unmatched disturbances are considered. To the matched disturbances considered in Case 1, we assume also the following unmatched disturbances.
(i) Parametric variation Δ takes the following form:
(ii) Fueling sequence takes the following form:
Hence, the total disturbancẽin system (23) at different time, is expressed as follows.
For < 5 s,̃=
For 5 < < 25 s,̃=
For ≥ 25 s,
To test the nominal performance recovery, the total disturbances̃whether it is matched or unmatched is nullified at = 35 s. Figure 5 shows the response curves of the two controlled variables , 2 when both matched and matched uncertainties are considered. In this simulation, we mention that the control parameters , were kept the same as in Case 1 ( = 3, = 250). A brief observation from Figure 5 shows that the STESO-SMC controller successfully rejects from the beginning of the simulation the matched and the unmatched disturbances thanks to the action of STESO. A comparison between the performance of the STESO-SMC in Cases 1 and 2 (see Figures 2 and 5) shows that the STESO-SMC controller exhibits the same level of tracking performance despite the fact that in Case 2 unmatched disturbances were added to the plant. This remark can be explained by the fact that the control parameters ( , ) were maintained the same as it was in Case 1 and since the STESO converges ( 2 → 0), whether matched and unmatched disturbances are considered, the closed-loop dynamics in Cases 1 and 2 is the same. Figure 6 shows the control effort ( egr , vgt ) produced by the STESO-SMC controller in Case 2. It can be observed from Figure 6 that the STESO-SMC manages to compensate the matched and the unmatched disturbances from the beginning of the simulation. When we nullified all the disturbances which affect the plant at = 35 s, we could see that the two controls produced by the STESO-SMC and TSMC in nominal case are the same. This means that the STESO-SMC recovers the nominal performances which validates Remark 18. Figure 7 shows the performance of the STESO in terms of estimating the total disturbances in Case 2. We keep the same values 11 = 21 = 12 = 22 = 1000 for the STESO in this case. One can observe from Figure 7 that there is a good tracking of the disturbances from the beginning of the simulation. We conclude by noticing that the performance of the STESO-SMC controllers depend on the control parameters ( , ) and the STESO gains 11 , 21 , 12 , and 22 . Each of them can be tuned separately without a compromise between the chattering problem and the convergence of the sliding surface. Indeed, to alleviate the chattering, the control parameters required to be only greater than the disturbances error and to ensure fast convergence of the sliding surface the STESO gains can be chosen so that we get a fast convergence of the disturbance error which lead to fast convergence of the sliding surface. 
Conclusions
In this paper, a novel DOB based SMC, namely, STESO-SMC, controller has been proposed to attenuate the matched and the unmatched disturbances for the purpose of controlling the diesel engine air path. The main contribution here is the design of a new STESO observer in such a way that the sliding motion along the sliding surface can drive the states to their desired trajectories in finite time. As compared with the traditional SMC, the proposed controller has exhibited two superiorities in the simulation including nominal performance recovery and chattering effect reduction.
